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(57) Enzymatic cross-linking of protein-encapsu- 
lated oil particles by complex coacervation. A complex 
coacervate of oil particles, each encapsulated in a pro- 
tein shell, is stabilized by gelling the protein shell and is 
subsequently enzymatically cross-linked to form ther- 
mostable capsules of about 100-300 microns. The pre- 
ferred enzyme is transglutaminase, and the reaction is 
perfonmed at pH 7 to achieve the optimal cross-linking 
rate. The transglutaminase-catalyzed cross-linking 
reaction takes place with the complex coacervate main- 
tained at a temperature in the range of about S'C-IO'C 
to maintain the structural stability of the complex coac- 
ervate. 
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Description 

This invention relates to protein-encapsulating oil 
partides by complex coacervation. and more particu- 
larly to enzymatic cross-linking of the protein-encapsu- 
lating shell. 

Coacervafion is the process l)y which an aqueous 
solution of a maaomolecular colloid is separated into 
two n(^id phases. One liquid phase, called the coacer- 
vate, is composed of many tiny colkAl-rich droplets that 
are bound together. The other liquid phase, called the 
equilibrium liquid, is an aqueous solution of the coacer- 
vating agent. 

When two or more oppositely-charged macromo- 
lecular colloids are used to form the coacervate, the 
process is termed complex coacervation. Colloids that 
bear a positive charge include gelatin and agar; colloids 
that bear a negative charge include carboxymethylcellu- 
lose and gum arabic. Depending upon each colloid's 
isoelectric point, dilution with water and/or adjustment of 
pH may be necessary for the particular colloids to be 
oppositely charged. These reactions must occur at a 
temperature above the gelling temperature for either 
colloid, otherwise the colloids will not be in a liquid 
phase and coacervation will not occur. When coacen/a- 
tion occurs in an environment that contains oil particles, 
the oil particles act as nucleating agents and the protein 
colloids deposit as a shell-like structure around each oil 
particle. 

Encapsulating oil particles in the process of com- 
plex coacen«tion is well known in the prior art. U.S. pat- 
ent no. 2,800,457 discloses oil-containing microscopic 
capsules and method of making them by complex coac- 
ervation. The '457 patent teaches dispersing a colloid in 
water, introducing an oil. forming an emulsion, dispers- 
ing a second colloid in water and mixing with the emul- 
sion, and adjusting the pH and/or diluting with water to 
form a complex coacervate. all at a temperature above 
a gel point of the colloids, then cooling to cause a gel to 
form, followed by optional steps of hardening and cross- 
linking with formaldehyde or an equivalent. In one 
embodiment, gum arabic and gelatin are used to form a 
shell-like film of colloid material around an oil nucleus. 
Once the coacervate is fonned, the mixture is allowed to 
stand for an hour at not over 25''C, after which time the 
formation of capsules is complete. The capsules may 
then be used as desired or may undergo the optional 
hardening step. U.S. patent no. 2,800,458 similarly dis- 
closes a method for making oil-containing microcap- 
sules. The '458 patent disctoses the use of a salt 
solution to form the coacenrate, while the '457 patent 
discloses either altering pH or diluting with water to form 
the coacervate. 

Cross-linking of the protein shell of the complex 
coacervate renders the protein-encapsulated oil ther- 
mostable, since a protein containing cross-links is a sta- 
ble structure. The use of known chemical cross-linking 
agents, such as formahlehyde or glutaraldehyde, to irre- 



versibly cross-link the oil-containing capsules is dis- 
closed in the prior art. Other aoss linking agents such 
as tannic acid (tannin) or potassium aluminum sulfate 
(alum) are similarly known. The optional hardening step 
5 disclosed in both the '457 patent and the '458 patent 
consists of adjusting a suspension of capsular material 
to pH 9 to 1 1 , cooling to 0°C to S-C, and adding formal- 
dehyde. 

Formaldehyde and glutaraldehyde, while effective 

10 chemical cross-linking agents, are toxic. Thus, oil cap- 
sules that have been cross-linked using such chemicals 
cannot be used for oils ttiat may be applied to or 
ingested within a mammalian body. This severely limits 
the applications for such products. 

IS Certain naturally-occurring enzymes are also good 
cross-linking agents. Such enzymes work by catalyzing 
the fomiation of bonds between certain amino add side 
chains in proteins. In addition, because the enzymes 
are naturally occurring, encapsulated oils that are enzy- 

20 matically cross-linked do not suffer from the problems 
inherent with formaldehyde and glutaraldehyde cross- 
linking, and hence may be ingested or applied witiiout 
concem atxxrt the toxicity of the cross-linking agent. 
Because cross-linking is a enzyme catalyzed reaction. 

25 however, Uie proper environmental conditions must 
exist for optimum enzyme adivity. 

An enzyme that catalyzes protan cross-linking is 
transglutaminase (amine y-glutamyl transferase. EC 
2.3.2.13). Transglutaminase catalyzes an acyl transfer 

30 reaction between y-carboxamide groups of glutamine 
residues in a peptide and various primary amines, fre- 
quentiy c-amino groups of peptide-bound lysine resi- 
dues. The result is a bond or cross-linkage between a 
glutamine residue in one protein molecule and a lysine 

35 residue in another protein molecule. For optimal adivity. 
transglutaminase requires a divalent metal ion, usually 
calcium or magnesium, as a cofactor and a pH of 
around 7. 

Japanese patent publication 5-292899 to Ajinomoto 
40 Inc. disdoses the use of transglutaminase as a cross- 
linking agent in preparing microcapsules. The strudure 
taught in that publication, however, is not believed to be 
a complex coacenmte as defined by ttiose skilled in the 
art It is, rather, an enzyme-modified gelatin enwlsion. 
45 Additionally, the 5-292899 publication disdoses cross- 
linking at elevated temperatures. Molecular and/or par- 
ticulate stnjctures maintained at elevated temperatures 
are more fluid and less stable, resulting in cross-linking 
a molecule or particles of undefined structure. The Aji- 
so nomoto publication "Ajinomoto Co.'s Transglutaminase 
(TG)' disdoses optimum cross-linking conditions for 
tiBnsglutaminase at pH 6-7 and elevated temperatures 
ofSO-C. 

This invention relates to a mettiod of enzymatically 
55 protein-encapsulating oil particles by complex coacer- 
vation. According to this method, a complex coacen^ate 
is first formed and then stabilized by gelling a protein 
shell around discrete partides of oil. The protein shell of 
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the stabilized protein-encapsulated particles is then 
cross-linked with an enzyme to provide thermostat)le 
microparticles. 

The method also achieves a number of advantages 
over the prior techniques. The method produces micro- 
capsules having defined structures and sizes v\fhich 
have diverse properties for different end uses. For 
example, flavor oils that are in protein-encapsulated 
particles ranging from approximately 100 to approxi- 
mately 300 microns are sized to both provide a signifi- 
cant flavor burst upon chewing and to enable 
processing in food applications. While particle sizes 
greater than 300 microns may be formed, such larger 
partides are not as amende to the spraying, extrud- 
ing, and other mechanical shearing forces required in 
many food applications. Additionally, protein-encapsu- 
lated flavor oil particles are thermostable and can with- 
stand baking, frying, and microwaving. 

In one prefen-ed method of this invention, a coarse 
emulsion is first formed between the oil and the colloid 
dispersion of two oppositely charged colloids. A com- 
plex coacervate is then formed with a protein shell 
around discrete oil particles. The discrete particles are 
cooled to gel the surrounding protein shell. The protein 
shell surroinding the discrete particles is then enzymat- 
ically cross-linked at low temperatures to form micro- 
capsules of oil. It has been found that at low 
tenperatures of about 20°C to about 27°C. especially at 
5°C to lO'C, enzymatic cross-linking can be achieved 
for protein shells of fish and beef gelatins to provide the 
microcapGules of flavor oils. Furthermore, the aoss- 
linking reaction at such low temperatures is not pH 
dependent. Thus, a wide pH range of about 2 to about 
1 0 or more may be utilized, which broadens the number 
and types of enzymes which may be employed. 

In a preferred form of the invention, transglutami- 
nase is employed to enzymatically cross-link the protein 
shell at a pH of about 7 over a temperature range of 
about S'C to about ICC. Processing times and quanti- 
ties of microencapsulated oils may be economically 
achieved for commercial purposes according to the pre- 
ferred modes of operation. 

The objectives and other advantages of this inven- 
tion will be further understood with reference to the fol- 
lowing figures, detailed description, and example. 

FIG. 1 is a photomicrograph at 100X magnification 
of pre-emulsion oil particles and colloids. 

FIG. 2 is a photomicrograph at 100X magnification 
of a conplex coacervate formed by aqueous dilution. 

FIG. 3 is a photomiaograph at 100X magnification 
of protein-encapsulated oil particles formed by slow 
cooling to about ZTC of a complex coacervate. 

FIG. 4 is a photomicrograph at 100X magnification 
of enzymatically protein-encapsulated oil particles in a 
finished state at about 5°C. 

With reference to FIG. 1. an oil (10) is agitated with 
a colloid dispersion (12) of at least one positively 
charged protein colloid and at least one negatively 



charged colloid to form a coarse emulsion, in a pre- 
fened embodiment, the positively charged protein coi- 
toid is either gelatin or agar, and the negatively charged 
colloid is either carboxymethylcellulose. sodium hexam- 
5 etaphosphate, gum arabic, or a cont)ination thereof. 
When gelatin is used, an amount of 10% by weight is 
preferred. A coarse emulsion of partides ranging in size 
from about 100 microns to about 2,000 microns is 
formed. 

10 As shown in FIG. 2. a complex coacervate (14) is 
formed at ambient temperature by aqueous dilution of 
the colloid/oil emulsion. Depending on the isoelectric 
point of the protein colloid, adjusting the pH of the col- 
loid/oil emulsion may be used to form the complex coac- 

15 enrate. 

The complex coacervate (14) is cooled to a temper- 
a&jre at or below a gel point of the colloids. With refer- 
ence to FIG. 3, cooling is performed sequentially by 
cooling first to a temperature suffident for the protein to 

20 deposit around each oil particle (10) in a foolball- 
shaped protein shell (16), then further cooling to stabi- 
lize the protein shell (16). As an alternative to cooling, 
the protein may be denatured to stabilize the protein 
shell (16). While stabilization of the shell may be 

25 achieved in different ways, cooling is preferred and a 
(Sstinct footoall-shaped protein shell (16) forms aroind 
the oil (10). The extent of initial cooling depends upon 
the gel point of the particular protein in the complex 
ooacen/ate. For example, the gel point of fish gelatin is 

30 about 20°C. while the gel point of beef gelatin is about 
27'C. Thus, depending upon the gelatin source, initial 
cooling would be to a temperature between 20°C and 
27'C. The initial cooling is performed at a rate of 
approximately 1°C per five minutes. After initial cooling 

35 which deposits a football-shsped protein sheH (16) 
around the complex coacen/ate (1 4), the protein-encap- 
sulated oil particles (18) are further cooled to a temper- 
ature in the range of approximately 5'C-10°C. They are 
maintained at SX-IO'C for a sufficient time to stabflize 

40 the protein shell (16). 

As shown in FIG. 4, the cooled football-shaped pro- 
tein shell (16) is enzymatically cross-finked at 5°C-10°C 
to form a thermostable protein shell (20). Transglutami- 
nase is the prefen-ed enzyme. It may be obtained from 

45 naturally occun'ing sources, chemically synthesized, or 
produced using recombinant DNA methods. Trans- 
glutaminase is added to the complex coacervate in 
solution with a can-ier such as dextrin, sodium casein- 
ate, or sugar. The amount of transglutaminase is about 

50 1 % to about 1 0% by weight. The amount of carrier msv 
be about 99% to about 90% by weight A divalent metal 
ion, preferably caldum or magnesium, is also present 
as a cofactor. Only very minimum amounts of calcium 
are needed and such are normally present in the natural 

55 source of tissue for transglutaminase. Alternatively, the 
ion may be added when needed to accelerate the cross- 
Rnking reaction. Since transglutaminase exhibits opti- 
mal acti\nty at pH 7. the complex coacervate is adjusted 
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to a pH of about 7 for cross-RnWng the protein shell (20). 

In a preferred embodiment, with reference to FIG. 
1. a gelatin and carboxymethylcellulose (at a weight 
ratio of 1:0.1) dispersion (12) is combined with an oil 
(10) under agitation. The resulting emulsified oil parti- 
cles are diluted with water at ambient temperature to 
form a complex coacervate (14) of a gelatin shell 
around each oil partide. as shown in FIG. 2. The gelatin 
is stabiHzed (gelled) and forms a football-shaped shell 
(1 6) around the oil (10), as shown in FIG. 3, by decreas- 
ing the temperature of the complex coacervate (14) at a 
rate of approximately 1*0 per five minutes, first to about 
20°C to about 27°C, and then rapidly decreasing the 
temperature to about 5°C-10''C. Each protein-encapsu- 
lated oil particle (18) is approximately 100-300 microns. 
The gelled gelatin shell is then cross-linked with trans- 
glutaminase at a pH of approximately 7 to form a ther- 
mostable capsule (20). as shown in FIG. 4. The 
transglutaminase is then deactivated by adjusting the 
capsules (20) to a pH of approximately less than 3 with 
citric acid. This deactivation step enhances the stability 
of the capsules (20) and eliminates any gel formation 
upon storage. 

EXAfwIPLE 1 

Deionized water, prewarmed to 50°C, is used for all 
gum/gelatin solutions. Carboxymethylcellulose sodium 
saK (1.8631 g) and gum arable RCC powder (0.1863 g) 
are added to water (91.1038 g) with vigorous agitation 
until completely dissolved. The dispersion is cooled to 
35°C to 40<'C. Gelatin 250 bloom type A (18.6306 g) is 
mixed with deionized water (167.6758 g) under agitation 
until completely dissolved, then the dispersion is cooled 
to 35*0 to 40<'C. With no agitation, the gum dispersion 
is added to the pre-emulsion tank and foam is allowed to 
dissipate for 15-20 minutes. A defoamer may be used if 
necessary. 

A solution of SO^A""* sodium hydroxide or 50%*^^ 
citric add is added to deionized water (558.9196 g) in 
the encapsulation tank and is heated to 35°C to 40<'C. 
Agitation is restarted in the pre-enuilsion tank. The 
desired flavor oil (149.0451 g) is slowly added to the 
combined gelatin/gum solution in the pre-emulsion tank 
and is mixed until the oil droplets are at the desired size. 
The pH is adjusted to pH 5.0 to pH 5.6. The pre-emul- 
sion mixture is transferred to the dilution water in the 
encapsulation tank and is slowly cooled to 25°C at the 
rate of rC per five minutes. The batch is then quickly 
cooled from 25''C to 10°C and adjusted to pH 7 with 
sodium hydroxide. 

Transglutaminase, 10% active in dextrin (0.23288 
g), is slowly added to the batch. The batch is agitated for 
16 hours at ICC. Agitation is then stopped and cap- 
sules are allowed to separate by floating. Approximately 
48-50% of the water is drained from the bottom of the 
vessel, then agitation is resumed and the concentrated 
capsules are redispersed. A 10%'*"^ sodium benzoate 



solutkxi (10.2469 g) is added to the capsules as a pre- 
servative. After thorough mixing, the batch is adjusted 
to pH 2.75 with 50% citric acid then mixed for 5-10 min- 
utes. A solution of xanthan gum (0.1% to 0.3%) and pro- 
5 pylene glycol (0.2% to 0.6%) is slowly added to the 
mixing capsules to statHlize and control the viscosity of 
the capsules. Mixing is continued for 30 minutes. 

Claims 

10 

1. A method of enzymatically protein-encapsulating oil 
particles by complex coacervation comprising: 

fomiing a complex coacen/ate of oil particles 
15 dispersed in water, said particles each encap- 

sulated in a protein shell of at least two oppo- 
sitely-charged colloids; 

stabilizing said encapsulated particles by gel- 
ling said protein shell in the water; and 
20 adding an enzyme to the water for enzymati- 

cally cross-linking said gelled protein shell to 
fomi protein-encapsulated oil particles. 

2. The method of claim 1 wherein said enzyme is a 

25 transglutaminase. 

3. The method of claim 2 wherein said aoss-linking is 
conducted at a pH of about 7. 

30 4. The method of claim 1 wherein said protein-encap- 
sulated oil particles range from about 100 microns 
to about 300 microns. 

5. The method of claim 1 wherein said protein-encap- 
35 sulated oil particles are thermostable. 

6. The method of claim 1 wherein said oil is a flavor oil. 

7. A method of protein-encapsulating oil particles by 
40 complex coacen«tion comprising: 

forming a dispersion in water of at least one 
positively charged protein colfoid and at least 
one negatively charged colloid; 
4S adding an oil to said dispersion and agitating to 

form a coarse emulsion of oil particles; 
forming a complex coacervate at ambient tem- 
perature; 

cooling said complex coacervate to a tempera- 
50 ture at or below a gel point of said colloids to 

deposit a protein shell around each of said oil 
particles; and 

enzymatically cross-linking said protein shell at 
said temperature to form said protein-encapsu- 
55 lated oil particles. 

8. The method of claim 7 wherein said positively 
charged protein colloid Is selected from the grm^ 
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consisting of a gelatin and an agar. 

9. Themethodof claim 8 wlierein amount of said gel- 
atin is about 1 0% by weight. 

5 

10. The method of claim 7 wherein said negatively 
charged colloid Is selected from the group consist- 
ing of carboxymethylcellulose, sodium hexamete- 
phosphate. gum arable, and combinations thereof. 

10 

11. The method of claim 7 wherein said coarse emul- 
sion particles are about 100 nvcrons to about 2.000 
miaons. 

1 2. The method of claim 7 wherein said complex coac- is 
ervate Is cooled to a temperature in the range of 
about 20°C to about 27''C. 

1 3. The method of claim 12 wherein said cooling of said 
complex coacenate is at a rate of about 1°C per 20 
five minutes. 

14. The method of claim 7 wrhereln said complex coac- 
ervate is cooled to a temperature in the range of 
about 20»C to about 27''C and is further cooled to a 2S 
temperature in the range of about 5°C to about 
10°C to stabilize said protein-encapsulated oil par- 
ticles over a pH range of atxjut pH 2 to atraut pH 1 0. 

15. The method of daim 14 wherein said complex 30 
coacervate is maintained at a temperature in the 
range of about 5*C to about lO'C for a time suffi- 
dent to ensure stabilization. 

16. The method of claim 7 wherein said enzymatic 35 
cross-linking comprises: 

adjusting a pH of said complex coacervate to 
about pH 7: and 

adding a transglutaminase to said complex 40 
coacervate to cross-fink said protein shell of 
said particles. 

17. The method of claim 16 wherein said transglutami- 
nase is selected from the group consisting of natu- 45 
rally occurring, chemically synthesized, and 
recombinantly produced transglutaminase. 

18. The method of claim 16 wrtierein said transglutami- 
nase is about 1% to al)out 1 0% by weight in a car- so 
rier. 

19. The method of claim 18 wherein said carrier is 
selected from the group consisting of dextrin, 
sodium caseinate, and sugar. 55 

20. A method of microencapsulating oil particles in an 
enzymatically cross-linked protein shell comprising: 



fomiing an aqueous dispersion of a gelatin and 
a carboxymethylcellulose; 
emulsifying an oil with said gelatin and said 
carixjxymethylcellulose dispersion under agita- 
tion to form emulsified oil particles; 
diluting said emulsified oil particles at ambient 
temperature with water to form a complex 
coacervate of a gelatin shell around each of 
said oil particles; 

gelling said gelatin shell by decreasing the tem- 
perature of said complex coacervate to about 
20''C to about 27°C; 

adjusting said gelled complex coacervate to a 
temperature in the range of about 5°C to about 
ICC; 

cross-linking said gelled gelatin shell at said 
temperature at a pH of about 7 with trans- 
glutaminase to form a microcapsule; and 
deactivating said transglutaminase by adjust- 
ing to a pH of approximately less than 3 to 
enhance stability and eliminate gel formation 
upon storage of said microcapsule. 

21. The method of claim 20 wherein said temperature 
decrease from said ambient temperature to said 
temperature of about ZO'C to about 27°C is at a 
rate of about 1°C per five minutes. 

22. The method of claim 20 wherein said pH is adjusted 
to aii^roximately less than 3 with citric acid. 

23. The method of daim 20 wherein said gelatin and 
said carboxymethylcellulose are in a one : one- 
tenth ratio. 

24. The product of the method of claim 1 having flavor 
dl partides encapsulated in a protein shell having a 
partide size of about 100 miaons to about 300 
microns and which are f racturaUe to provide a burst 
of flavor upon chewing. 

25. The product of the method of daim 7 having flavor 
dl particles encapsulated in a protein shell having a 
partide size of about 100 maons to about 300 
microns and which are f racturable to provide a burst 
of flavor upon chewing. 

26. The produd of the method of daim 20 having flavor 
dl particles encapsulated in a protein shell having a 
partide size of about 100 miaons to about 300 
microns and which are fracturaUe to provide a burst 
of flavor upon chewing. 

27. Use of the encapsulated oil partkdes, in particular of 
the encapsulated flavor oil particles, produced 
according to the m^od of any one of the daims 1 
to 23 as an additive to food or feed, espedally to 
food. 
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